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Abstract

Results from a numerical study of the response of

thin-wall compression-loaded quasi-isotropic laminat-
ed composite cylindrical shells with reinforced and un-

reinforced square cutouts are presented. The effects of

cutout reinforcement orthotropy, size, and thickness on

the nonlinear response of the shells are described. A

high-fidelity nonlinear analysis procedure has been

used to predict the nonlinear response of the shells. The

analysis procedure includes a nonlinear static analysis
that predicts stable response characteristics of the shells

and a nonlinear transient analysis that predicts unstable

dynamic buckling response characteristics. The results

illustrate how a compression-loaded shell with an unre-

inforced cutout can exhibit a complex nonlinear re-

sponse. In particular, a local buckling response occurs

in the shell near the cutout and is caused by a complex
nonlinear coupling between local shell-wall deforma-

tions and in-plane destabilizing compression stresses

near the cutout. In general, the addition of reinforce-

ment around a cutout in a compression-loaded shell can

retard or eliminate the local buckling response near the

cutout and increase the buckling load of the shell, as ex-

pected. However, results are presented that show how

certain reinforcement configurations can actually cause

an unexpected increase in the magnitude of local defor-
mations and stresses in the shell and cause a reduction

in the buckling load. Specific cases are presented that

suggest that the orthotropy, thickness, and size of a cut-
out reinforcement in a shell can be tailored to achieve

improved response characteristics.

Introduction

Thin-walled cylindrical shells with cutouts are

found in many aerospace structural applications. Ad-

vanced material systems are being used to produce

stronger, lighter-weight aerospace shell structures, and

improved analysis and design methods appropriate for

these advanced material systems are needed. The high
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strength-to-weight and high stiffness-to-weight ratios

of advanced composite materials offer significant

weight reduction potential for aerospace structures. In

addition, the use of advanced composite materials al-

lows the designer to tailor the stiffness properties of the

structure to obtain a structurally efficient design. Many

aerospace shell structures have cutouts or openings that

serve as doors, windows, or access ports and these cut-

outs or openings often require some type of reinforcing
structure to control local structural deformations and

stresses near the cutout. In addition, these structures

may experience compression loads during operation,
and thus their buckling response characteristics must

also be understood and accurately predicted in order to

determine safe operating conditions and effective de-
signs for these structures.

Many studies have been conducted which show

that a cutout in an isotropic shell structure can have a

significant effect on the response of the shell. In partic-
ular, results indicate that a cutout in a shell structure

causes a local response to occur near the cutout when

the shell is subjected to load. This local response can

consist of large out-of-plane deformations, large-mag-

nitude rapidly varying stresses near the cutout (e.g.,
Refs. 1-2). If the load is a compressive load, the cutout

can cause a local buckling response to occur in the shell

at applied loads lower than the general instability load

of the corresponding shell without a cutout (e.g., Refs.

3-5). For some cases, this local buckling response re-

sults in a stable postbuckling response localized near

the cutout and additional load can be applied to the shell

before it exhibits global collapse. For other cases, the
local response in the shell causes a disturbance in the

shell of sufficient magnitude to cause global collapse to

occur immediately after the local instability occurs.

Significantly fewer studies have been conducted

on the response of compression-loaded composite cy-
lindrical shells with cutouts. Recent numerical and ex-

perimental studies of the response of compression-
loaded composite cylindrical shells with unreinforced

rectangular cutouts have been presented by Hilburger,

et al. 6' 7 In particular, their results have shown that lo-

calized regions ofbiaxial in-plane compression stresses

form in the shell near the cutout, and these regions ofbi-

axial stresses couple with the out-of-plane deforma-
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tionsof the shell wall causing an unstable local

buckling response to occur near the cutout. In addition,

their results indicate that laminate orthotropy can have

a significant effect on the nonlinear response and the

buckling behavior of a shell with a cutout, as expected.
For example, numerical results from Ref. 6 indicate that

the normalized buckling load* of a [_+45/0/90]s quasi-

isotropic shell with a 1.0-in. by 1.0-in. square cutout is

approximately 33 % lower than the normalized buckling
load of a corresponding [+45/02] sorthotropic shell with

the same sized cutout. The large reduction in the nor-

malized buckling load of the quasi-isotropic shell, as

compared to the orthotropic shell, is caused by larger

magnitude radial deformations and destabilizing in-

plane compression stresses that develop near the cutout
in the shell at a lower applied load level. These local-

ized deformations and in-plane stresses cause the local

buckling of the shell to initiate at a lower applied load
level. These numerical results were verified with sev-

eral experiments and the results indicated good agree-
ment.

Similarly, very little information is available on

the response of compression-loaded curved shells with

reinforced cutouts, and the few results that do exist are

limited to isotropic shells (e.g., Refs. 8-10). For exam-

ple, Almroth and Holmes 8 presented results from a nu-

merical and experimental study on the response of

compression-loaded cylindrical shells with reinforced

and unreinforced rectangular cutouts. Their results
showed that the arrangement of the cutout reinforce-

ment, that is, whether the reinforcement is positioned

along an axially aligned free-edge or around all the edg-
es of the cutout, can have a significant effect on the

buckling response of the shell. Experimental results

from Todal 0 indicate that, for certain sized circular cut-

outs in a compression-loaded cylindrical shell, the

bucking load increased with an increase in the size of

the reinforcement around the cutout. However, further

reinforcement of the cutout beyond a certain amount

did not always produce higher buckling loads, and in
some cases further reinforcement caused a decrease in
the buckling load of the shell.

A simplified design-level analysis procedure and
empirical data are often used in the design of shells with

reinforcements. The traditional method for the prelim-
inary design of a reinforced cutout in a thin-walled shell

structure is based on the linear analysis of a flat plate

* The normalized buckling load is defined as the

buckling load of the shell with a cutout predicted
from a nonlinear analysis normalized with respect to
the buckling load of the corresponding shell without

a cutout predicted from a linear bifurcation analysis.

with a square cutout (e.g., Ref. 11) and the effects of

shell curvature and other modeling approximations are

taken into account by applying empirical correction

factors. However, this design method may not be suffi-
cient for the design of large cutouts in curved shell

structures because of the lack of accuracy in the analy-

sis and the complex nonlinear behavior exhibited by

these types of structures. In addition, this design meth-

od can result in overly conservative designs or uncon-

servative designs for these structures if the empirical

correction factors are not applicable to the design of in-

terest. For example, current design practice does not in-

clude information or design procedures for the design
of reinforced cutouts in composite shell structures.

A review of the results presented in the literature

indicates that the response of a compression-loaded cy-
lindrical shell with an unreinforced cutout is, for the

most part, understood. In contrast, the effects of cutout

reinforcement on the buckling behavior of compres-
sion-loaded composite cylindrical shells, is not well un-

derstood. The objective of this paper is to identify the

typical nonlinear response characteristics of a compres-
sion-loaded, thin-walled, quasi-isotropic, laminated,

cylindrical shell with a square cutout and to illustrate

the effects of several cutout reinforcement configura-
tions on the response. This thin-walled cylindrical shell

configuration was chosen as a generic example of a typ-
ical aerospace shell structure with a cutout subjected to
a destabilizing load. Numerical results that show the ef-

fects of 18 different reinforcement configurations on

the response of these shell structures are presented. The

various cutout reinforcement configurations considered
were used to study the effects of reinforcement orthot-

ropy, thickness, and size on the response of the shell. In

addition, the results are used to illustrate the feasibility
of structurally tailoring cutout reinforcement to control

shell-wall deformations and stresse concentrations near

a cutout in a compression-loaded shell and to increase

the load carrying capacity of the shell. A modem high-
fidelity nonlinear analysis procedure is used in the

study (e.g., Ref. 12) that offers the opportunity to pro-
vide insight into the effects of various cutout reinforce-

ment concepts on the response of compression-loaded

shell structures. This procedure also offers the oppor-

tunity to improve some of the engineering approxima-
tions and methods that are used in the design of

reinforced cutouts in shell structures. The high-fidelity
nonlinear analysis procedure used in this study has been

successfully applied to the analysis of other similar

compression-loaded shells with cutouts and the predict-
ed results have been verified with selected experiments,

e.g., see Ref. 7. First, results illustrating the response of
a compression-loaded cylinder with an unreiforced cut-

out are presented. Then, results illustrating the effects
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ofselectedcutoutreinforcementontheresponseofthe
shellarepresented.Lastly,responsetrendsareidenti-
fiedanddiscussed.Theresultsincludeload-shortening
responsecurves;prebuckling,bucklingandpostbuck-
lingdeformationpatterns;andprebuckling,buckling,
andpostbucklingstresscontours.

Finite-Element Models and Analyses

Nonlinear Analysis Procedure

The shells considered in this study were analyzed
with the STAGS (STructural Analysis of General

Shells) nonlinear shell analysis code. 13 STAGS is a fi-

nite-element code designed for the static and dynamic
analysis of general shells, and includes the effects of

geometric and material nonlinearities in the analysis.
The STAGS code uses both the modified and full New-

ton methods for its nonlinear solution algorithms, and

accounts for large rotations in a shell wall by using a co-
rotational algorithm implemented at the element level.

The Riks pseudo arc-length path-following method 14 is

used to continue a solution past the limit points of a

nonlinear response. With this strategy, the incremental-

ly applied loading parameter is replaced by an arc-

length along the solution path, which is then used as the

independent loading parameter. The arc-length incre-

ments are automatically adjusted by the program as a

function of the solution behavior. A transient analysis

option is included in STAGS that uses an implicit nu-

merical time-integration method developed by Park 15

and proportional structural damping. Mass and stiff-

ness damping factors used in the transient analysis are

defined as c_=2_tv_, and [3=_2_tv, respectively, where

denotes the fraction of critical damping and is assumed

to equal 0.15 for these shells. The dynamic buckling

response of the shell is assumed to be dominated by a
particular frequency of vibration, v, and is defined as

the critical frequency of vibration determined from a

linear vibration analysis in STAGS. Additional infor-

mation on the transient analysis in STAGS can be found
in Ref. 16.

The prebuckling, buckling and postbuckling re-
sponses of the shells were determined by using the fol-

lowing analysis procedure. The quasi-static responses

were determined by using the geometrically nonlinear

quasi-static analysis capability in STAGS. The Riks

pseudo arc-length path-following method was used to

compute the response of the shell up to the buckling

point. The unstable buckling response of the shell was

predicted by using the nonlinear transient analysis op-

tion of the code. The transient analysis was initiated

from an unstable equilibrium state close to the buckling

point by incrementing the end displacement by a small

amount, approximately 1%. An initial time step of 10 -8

seconds was used in the analysis and is automatically
adjusted by the program as a function of the solution be-

havior. The transient analysis was continued until the

kinetic energy in the shell dissipated to a negligible lev-

el, which indicates that the transient response has atten-

uated. Once the transient analysis had attenuated to a

near-steady-state solution, the load relaxation option of

the code was used to establish a stable static equilibri-

um state. Conventional linear bifurcation buckling
analysis results were also determined with STAGS for

comparison with the nonlinear response results.

Finite-Element Models

Nineteen shells were analyzed in the present study
and include one shell with an unreinforced cutout and

18 shells with reinforced cutouts; these shells are re-

ferred to herein as shells C1 through C19. A list of shell

identification codes and corresponding reinforcement
configurations is given in Table 1. The shells consid-

ered in the present study are modeled as geometrically

perfect 8-ply laminated quasi-isotropic circular cylin-
ders with a square cutout and subjected to a uniform ax-

ial end-shortening. The shells have a length of 16.0 in.,
a radius of 8.0 in., and shell-wall thickness of 0.04 in.

that give a shell-radius-to-thickness ratio of 200. The

cutout is a 1.0 in. by 1.0 in. square-shaped cutout with
0.05-in-radius reentrant comers. The shell wall was

modeled as a [_+45/0/90]s quasi-isotropic laminate, in

which each lamina ply had a thickness of 0.005 in. and

a fiber volume fraction of 0.62. The material properties

of a lamina ply are as follows: longitudinal compression

modulus E 1 = 18.5 Msi, transverse modulus E 2 = 1.64

Msi, in-plane shear modulus G12 = 0.87 Msi, and major

Poisson's ratio v12 = 0.30. Shells C2 through C19 in-

clude various forms of reinforcement around the cutout.

The cutout reinforcement consists of additional square-
shaped lamina plies added to the shell-wall laminate at

the shell-wall mid-surface and are aligned concentrical-

ly with respect to the square-shaped cutout in the shell.

Eighteen different reinforcement configurations were

considered in which the reinforcement thickness, size,

and ply-orientation were varied. Specifically, three dif-

ferent reinforcement thickness of 0.005 in., 0.01 in., and

0.02 in., corresponding to one, two, and four-ply rein-

forcement thicknesses, respectively, were considered.

Two reinforcement ply orientations of 0° and 90 ° (a 0°

ply and a 90 ° ply correspond to lamina plies with fibers
aligned along the length of the shell and around its cir-

cumference, respectively) were considered. Three rein-

forcement sizes: a 2.4-in. by 2.4-in. square

reinforcement, a 4.4-in. by 4.4-in. square reinforce-
ment, and a 8.0-in. by 8.0-in. square reinforcement.

A typical finite-element model of a specimen is
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showninFig.1. Thestandard410quadrilateralele-
mentfromtheSTAGSelementlibrarywasusedinthe
models.Typically,theelementsofthefinite-element
meshareapproximately0.2-in.by0.2-in.square,but
themeshisrefinednearthecutout.Eachelementpos-
sessesfourintegrationpoints,whicharedistributedto
provideamodelingresolutionofatleast0.1-in.Results
fromameshconvergencestudyindicatedthatthisde-
greeofmeshrefinementmeshwasrequiredtoaccurate-
lymodelthebendingboundarylayerdeformation
responseneartheendsoftheshell,theprebuckling
shortwavelengthdeformationresponseandrapidly
varyingstressdistributionsexhibitedbytheshellsnear
thecutout,andtheshortwavelengthdeformationre-
sponseandrapidlyvaryingstressdistributionsexhibit-
edbytheshellsduringthetransientbucklingprocess.
Clampedendconditionswereusedinthefinite-element
modelsinwhichthecircumferentialandradialdis-
placementsv and w are set equal to zero in end regions
of the shell as indicated in Fig. 1. A typical finite-ele-

ment model contained approximately 120,000 degrees
of freedom.

Results and Discussion

Numerically predicted results for selected com-

pression-loaded quasi-isotropic laminated cylindrical

shells with reinforced and unreinforced cutouts are pre-
sented in this section. The results were obtained from

finite-element models of geometrically perfect shells

subjected to a uniform axial end-shortening. These re-
sults are presented to illustrate the overall behavior of a

compression-loaded graphite-epoxy shell with a cutout

and the effects of cutout reinforcement on the response.
First, results illustrating the nonlinear response of a

compression-loaded geometrically perfect quasi-isotro-
pic cylindrical shell with an unreinforced square-

shaped cutout are presented. Then, results illustrating
the predicted response of selected compression-loaded

cylindrical shells with reinforced cutouts are presented

and compared. The results include load-shortening re-

sponse curves; prebuckling, buckling and postbuckling

deformation patterns; and prebuckling, buckling, and
postbuckling stress contours.

Cylindrical Shell with an Unreinforced Cutout

Results for a quasi-isotropic shell with a 1.0-in by
1.0-in unreinforced square-shaped cutout, referred to

herein as shell C1, are presented in this section to illus-

trate typical response characteristics of a compression-

loaded shell with a square cutout. The numerically pre-
dicted load-shortening response curve for shell C1 is

shown in Fig. 2a. The quasi-static response is indicated

by a solid line and the unstable, transient buckling re-

sponses are indicated by the dashed lines in the figure.

The axial load P is normalized with respect to the bifur-

cation buckling load predicted from a linear eigenvalue

analysis of the corresponding shell without a cutout, Pcr

= 42,590 lbf, and the end-shortening displacement A is

normalized with respect to the shell length, L. The shell

exhibits a complex nonlinear response as indicated by
the numerous stable and unstable segments of the load-

shortening response curve. The shell has a linear preb-
uckling response and a distinct buckling point labeled A

at a normalized load level of P/Pcr = 0.51. The buckling

response is characterized by a local, unstable transient

buckling response in the shell and includes the forma-

tion of large magnitude radial deformations and rapidly
varying stresses in the shell wall near the cutout. The

shell exhibits a relatively small reduction in axial load,

approximately 6%, during buckling and is indicated by

the dashed line-segment A-B of the load-shortening re-
sponse curve. The figure also presents a second solu-

tion path from point A to point B. This path

corresponds to the quasi-static solution predicted by the
arc-length path-following method. The results indicate

that the quasi-static analysis and the transient analysis

predict the same local postbuckling state at point B.

During the prebuckling response, regions of destabiliz-
ing in-plane biaxial compression stresses form near the

cutout and couple with the radial deformations near the

cutout to cause the unstable local buckling response in
the shell. A stable postbuckling response is exhibited

by the shell as indicated by segment B-C of the load-

shortening response. As loading continues in the post-

buckling region of the response, the magnitude of the
shell-wall radial deformations near the cutout increases.

In addition, the results indicate that the slope of the

postbuckling curve decreases as loading continues in

the postbuckling range, indicating a reduction in effec-
tive axial stiffness. This decrease in effective axial

stiffness is caused by increasingly large radial deforma-

tions that develop in the shell that causes a significant
redistribution of load away from the cutout to reduce

the effective, load-carrying cross-section of the shell.

The global collapse of the shell occurs at point C and

the unstable collapse response is represented in Fig. 2b

by the dashed line segment C-F. The collapse response
is characterized by a significant reduction in load and

the development of the general instability mode. The

transient nature of the unstable buckling responses in

the shell is indicated by the load-time history of the col-

lapse response of the shell shown in Fig. 2b. The load
history curve exhibits a sudden reduction in axial load

supported by the shell from P/Pcr = 0.51, at time t = 0.0

seconds, to P/Pcr = 0.32, at time t = 0.006 seconds into

the transient response. In addition, the kinetic energy in

the shell increases rapidly during the initial collapse re-
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sponseandthendissipatesastimeprogressesuntilthe
shellreachesastablepostbucklingequilibriumconfig-
uration.Theshellobtainsastablepostbucklingconfig-
urationafterapproximately0.015secondhaveelapsed
andthenormalizedpostbucklingloadvaluefortheshell
isequalto0.33.

Deformationpatternscorrespondingtoselected
pointsduringthecompressionresponseareshownin
Figs.3a-3f,anddeformationpatternswithsuperim-
posedaxialandcircumferentialstresscontourscorre-
spondingtoselectedpointsduringthecompression
responseareshowninFigs.4a-4c(themagnitudeofthe
deformationresponsesinthesefiguresareexaggerated
forclarity).Thedeformationresponseincipienttolocal
buckling,(associatedwithpointA inFig.2a),shownin
Fig.3a,ischaracterizedbytwoellipse-shapedinward
bucklesnearthecutoutwiththesemi-majoraxisofthe
bucklesalignedinahelicalorskewdirection.The
magnitudeoftheshell-wallradialdeformationsvary
between-0.65and+0.40timestheshell-wallthickness,
wherepositive-andnegative-valueddisplacementscor-
respondtooutwardandinwardradialdisplacements,
respectively.Theskewingofthedeformationpatternis
attributedtothepresenceoflaminateanisotropyinthe
formofcouplingbetweenthebendingandtwistingof
theshellwall.Theaxialandcircumferentialmembrane
stresscontoursindicatesignificantstressconcentra-
tionsnearthecutoutthatrapidlydecaytofar-fieldval-
uesawayfromthecutout,asshowninFig.4a
(magnifiedviewsofthestressesnearthecutoutare
shownforclarity).Themaximumvalueoftheaxial
compressionstressresultantoccursatthecornersofthe
cutout(-2023lb/in.)andisequalto4.7timesthecorre-
spondinguniformfar-fieldvalue.Similarly,largemag-
nitudecircumferentialstressconcentrationsoccurnear
thecutoutwithstressresultantvaluesthatrangebe-
tween-695lb/in,and+528lb/in;themaximumcircum-
ferentialtensionstressresultantoccursatthemid-point
oftheupperandlowerfree-edgesofthecutoutandthe
maximumcircumferentialcompressionstressresultant
occursatthecutoutcorners.Inaddition,regionsoflo-
calizedcircumferentialcompressionstressresultantde-
velopapproximately0.5inchesaboveandbelowthe
cutoutwithmaximumstressresultantlevelsofapprox-
imately-110lb/in.Thelocalbucklingresponseofthe
shellisinitiatedbyanonlinearcouplingbetweenlocal-
izeddestabilizingcompressiveaxialandcircumferen-
tialstressresultantsandtheradialdeformationsthat
occurintheshellnearthecutout(e.g.,Fig.4a).Thelo-
cationswherelocalbucklinginitiatesaremarkedbyX
symbolsinFig.4a.Theinitialpostbucklingdeforma-
tionpatternassociatedwithpointBinFig.2aisshown
inFig.3bandischaracterizedbylargeellipse-shaped
bucklesoneithersideofthecutout.Themagnitudeof

theshell-wallradialdeformationshaveincreasedsig-
nificantlyandvarybetween-4.5and+1.5timesthe
shell-wallthickness.Asloadingcontinuesinthepost-
bucklingrange,theellipse-shapedbucklesin theshell
wallincreaseinsizeandthebucklepatternrotates
clockwisearoundthecutout,asshowninFig.3c.The
magnitudeoftheshell-wallradialdeformationsin-
creasestobetween-8.65and+4.2timestheshell-wall
thicknessandasignificantredistributionoftheloadin
theshelloccursnearthebuckles,asshowninFig.4b.
Morespecifically,theaxialstressresultantdistribution
indicatesasignificantunloadingoftheshellnearthein-
wardbuckles.Thisloadredistributioncoincideswith
thereductioninpostbucklingstiffnessindicatedinFig.
2aandcausesareductionintheeffective,load-carrying
cross-sectionoftheshell.Moreover,asignificantin-
creaseinthemagnitudeofthecircumferentialcompres-
sionstressresultantsoccursinthebuckles.Attheonset
ofglobalcollapse,theshell-walldeformationschange
inaveryshortperiodoftimefromthestable,localde-
formationpatternshowninFig.3ctoaunstabletran-
sientdeformationpatternshowninFig.3d.Moreover,
additionalbucklesformintheshellwallaroundthecir-
cumferenceoftheshell.Asthebucklingprocesscon-
tinues,thereisasignificantreductionintheaxialload
supportedbytheshell,andevenmorebucklesdevelop
intheshellwall,asindicatedinFig.3e.Afterapprox-
imately0.015secondshaveelapsed,thekineticenergy
intheshellhasdissipatedtoanegligiblelevel,andthe
shellhasdeformedintoastablepost-collapsegeneral
instabilitymode-shapethatconsistsof eightbuckles
distributedaroundthecircumferenceoftheshellas
showninFig.3f.Thecorrespondingpost-collapseax-
ialandcircumferentialstressresultantdistributionpat-
ternsareshowninFig.4candindicatesignificantstress
resultantredistributionthroughouttheentirecylinder.
Inparticular,theresultsindicatethatthemajorityofthe
appliedaxialcompressionloadisnowsupportedbythe
ridgesbetweentheadjacentinwardbucklesintheshell
wall,andalternatingbandsofcircumferentialtension
andcompressionstressresultantsarepresentinthe
shell.

Effects of Cutout Reinforcement

Results for eighteen compression-loaded quasi-
isotropic shells with 1.0-in by 1.0-in square reinforced

cutouts are presented in this section to identify the ef-
fects of selected cutout reinforcement configurations on
the response of the shells (identified herein as shells

C2-C19). The results for these shells are compared to
results for the corresponding shell with an unreinforced

cutout, shell C 1, presented in the previous section.

The buckling results for the compression-loaded

shell with an unreinforced cutout, shell C 1, presented in
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theprevioussection,identifiedseveralfeaturesofthe
behaviorthatareassociatedwiththelocalbucklingre-
sponseoftheshell.Mostsignificantly,thenonlinear
interactionbetweenlocalizedradialdeformationsand
destabilizingbiaxialstressesnearthecutoutcausethe
localbucklingresponseoftheshelltooccur.Thisfun-
damentalbehavioralfeaturesuggeststhatit maybepos-
sibletoidentifyacutoutreinforcementconfiguration
thatretardstheonsetofthelocaldeformationsandde-
stabilizingstressintheshellnearthecutoutandcanre-
tardoreliminatetheonsetofthelocalbuckling
responseintheshell.Tothisend,anumericalparamet-
ricstudywasconductedtoidentifytheeffectsofselect-
edcutoutreinforcementconfigurationsontheresponse
of acompression-loadedshellwithacutout.Inpartic-
ular,cutoutreinforcementsize,thickness,andorthotro-
pywerestudied.All ofthereinforcementsconsidered
hereinconsistof square-shapedconcentricallyaligned
laminapliesaddedtotheshell-walllaminateatthe
shell-wallmid-surface.Thus,threereinforcementsizes
wereinvestigatedtoidentifytheeffectsofreinforce-
mentsizeinthedeformationresponseandstressdistri-
butionintheshell.Thethreesquare-shaped
reinforcementsizesinclude2.4-in.by2.4-in,4.4-in.by
4.4-in,and8.0-inby8.0-insquarereinforcement(re-
ferredtohereinas2.4-in-squarereinforcement,4.4-in-
squarereinforcement,and8.0-in-squarereinforcement,
respectively).Threereinforcementthicknesseswere
studiedandincludereinforcementthicknessequalto
0.005in.,0.01in.,and0.02in.,correspondingtoone-,
two-,andfour-plyreinforcements,respectively.Two
reinforcementplyorientationsof0°and90° (a0°-ply
anda90°-plycorrespondtolaminaplieswithfibers
alignedalongthelengthoftheshellandarounditscir-
cumference,respectively)wereinvestigatedtostudy
theeffectsofreinforcementorthotropyontheresponse.
A listofshellidentificationcodesandcorresponding
reinforcementconfigurationsisgiveninTable1.

2.4-in. Square Reinforcement. Results from

shells C2 through C7 are presented in this section. The

cutout reinforcements for shells C2 through C4 and

shells C5 through C7 consist of 0° and 90 ° 2.4-in.

square-shaped lamina plies, respectively. Shells C2
and C5 have 0.005-in-thick reinforcement, shells C3

and C6 have 0.01-in-thick reinforcement, and shells C4

and C7 have 0.02-in-thick reinforcement. Numerically
predicted load-shortening response curves for shells C2

through C4 and shells C5 through C7, are presented in

Figs. 5a and 5b, respectively, and the results for the cor-
responding unreinforced shell, C1, are shown for com-

parison. The quasi-static responses are indicated by the

solid lines and the unstable, transient buckling respons-

es are indicated by the dashed lines in the figures. The

axial load P is normalized with respect to the bifurca-

tion buckling load of the corresponding shell without a

cutout predicted from a linear eigenvalue analysis Per =

42,590 lbf, and the end-shortening displacement A is

normalized with respect to the shell length L. The local

buckling points are marked with filled circles, and glo-
bal collapse points are indicated by an X. Curves show-

ing the unstable transient responses associated with

local buckling (e.g., line segment A-B shown in Fig. 2a
for shell C 1) for shells C 1, C2, and C5 are omitted from

Figs. 5a and 5b for clarity. The results show that the ad-
dition of reinforcement around the cutout can have a

significant effect on the overall character of the load-

shortening response of the shell. In particular, the re-

sults indicate that the local buckling loads can increase
significantly as the thickness of the reinforcement is in-

creased. More specifically, the normalized buckling
loads for shells C2, C3, and C4 are equal to 0.57, 0.64,

and 0.78, respectively, as compared to the buckling
load of 0.51 for the corresponding unreinforced shell

C1. Similarly, the normalized buckling loads for shells

C5, C6, and C7 are equal to 0.59, 0.67, and 0.77,respec-
tively. However, the results indicate that some of the

shells with thicker reinforcement, shells C3, C4, C6,

and C7, no longer exhibit stable post-local-buckling re-

sponses. For these shells, the local buckling response in
these shell causes enough of a disturbance in the shell

to cause the global collapse of the shell. In contrast,

shells C2, and C4 exhibit stable post-local-buckling re-
sponse and can support additional load before global

collapse occurs. Upon global collapse, each shell ob-

tains a stable post-collapse configuration and exhibits a

significant reduction in axial load-carrying capability.
The normalized post-collapse load levels for shell C2-

C7 range from 0.32 to 0.35. For the most part, the re-
sults presented in Figs. 5a and 5b indicate that the cut-

out reinforcement orientation, that is 0°-ply orientation

versus 90°-ply orientation, has a small effect (at most a

5 % difference) on the buckling load of the shell and a

negligable effect on the effective axial stiffness of the
shell for this size reinforcement.

Displacement contour patterns just before buck-

ling for shells C2-C4 are shown in Figs. 6a-6c, respec-
tively. The radial displacements w are normalized with
respect to the shell-wall thickness t = 0.04 in. The outer

boundaries of the cutout reinforcement in each shell is

marked in the figures with solid lines. The results indi-

cate that the character of the deformation response in

the shell incipient to buckling changes significantly as
the thickness of the cutout reinforcement increases. In

particular, the displacement contour patterns exhibited

by shells C2 and C3 in Figs. 6a and 6b, respectively, in-
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dicatesimilarlocaldeformationresponseasthatexhib-
itedbyshellC1whichischaracterizedbytwoellipse-
shapedinwardbucklesnearthecutout.Thesemi-major
axisofthebucklesarealignedinahelicaldirectionand
thelocalizeddisplacementgradientsrapidlyattenuate
awayfromthecutout.However,themagnitudesofthe
shell-walldeformationsdecreaseasthethicknessofthe
reinforcementincreases;thatis,themagnitudeofthe
normalizeddisplacementsrangebetween-0.51to0.3
and-0.33to0.29forshellsC2andC3,respectively,as
comparedto-0.65to0.4forshellC1.Theseresultscor-
respondtoasmuchas21%and49%reductionsinthe
magnitudeofthelocaldeformationsnearthecutoutfor
shellsC2andC3,respectively,ascomparedtoshellC1.
ThedeformationresponseforshellC4justbeforebuck-
ling,showninFig.6c,exhibitsafurtherreductioninthe
displacementgradientsintheshellwallnearthecutout,
withanincreaseinthethicknessofthereinforcement,
ascomparedtoshellsC2andC3.Morespecifically,the
magnitudeoftheshellwalldisplacementsrangebe-
tween-0.06and0.33andcorrespondtoa91%reduc-
tionin themagnitudeofthemaximuminward
displacementnearthecutoutascomparedtoshellC1.
In addition,themaximuminwardshell-walldisplace-
mentinshellC4occursjustoutsidethereinforcedre-
gionoftheshell,andthisresponseisunlikethatof
shellsC1-C3inwhichthemaximuminwardshell-wall
displacementoccursatthefree-edgesofthecutout.
Axialandcircumferentialtracesillustratingtheeffects
ofthecutoutreinforcementonthedeformationre-
sponseinshellsC1throughC4arecomparedinFigs.7a
and7b,respectively.Theregionsoftheshellthatthe
tracedataweretakenfromismarkedbythedashedax-
ialandcircumferentiallinessuperimposedonthedis-
placementcontourplotshowninFig.6a.Theresults
showthatthemagnitudeoftheshell-walldisplace-
mentsdecreasenearthecutoutasthereinforcement
thicknessisincreased,asexpected.Furthermore,the
resultsindicatethatthecharacteroftheattenuationof
thelocaldisplacementsinshellC4aresomewhatdiffer-
entfromthoseexhibitedbyshellsC1throughC3.In
particular,shellC4exhibitsadditionalwavesinthedis-
placementpatternalongthelengthandaroundthe
circumferenceoftheshell.

Thecharacteroftheaxialandcircumferential
stressresultantdistributionsjustbeforebucklingfor
shellsC2throughC4aresimilartothatofshellC1
showninFig.4a.Inparticular,theshellsexhibitregions
ofin-planebiaxialcompressionstressresultantsnear
thecutout,however,themagnitudesofthestressescan
besignificantlydifferent.Morespecifically,themag-
nitudesoftheaxialandcircumferentialstressresultant
componentsintheseregionsofbiaxialcompressionjust
beforebucklingareasfollows:Nx=-580lb/inandNO

= -109lb/inforshellC2,Nx= -615lb/inandNO= -96

lb/in for shell C3, and N x = -703 lb/in and N O= -87.5 lb/

in for shell C4, as compared to N x = -568 lb/in, and N o

= - 110 lb/in for shell C 1. For comparison purposes, it
is useful to define an axial stress concentration factor

and a biaxial-stress ratio. The axial-stress concentra-

tion factor is defined as the local axial stress resultant

value in the region of biaxial stress, Nx, normalized

with respect to the far-field value of axial stress result-

ant Nx°= P/2z_R, where P is the axial load applied to the

shell and R is the shell radius. The biaxial-stress ratio
is defined as the ratio of local circumferential stress to

axial stress in the region of biaxial compression, that is
N0/N x. The definitions of stress concentration factor

and biaxial stress ratio are used herein unless otherwise

specified. The stresses in the region ofbiaxial compres-
sion correspond to axial stress concentration factors

equal to 1.20, 1.13, and 1.06, for shells C2, C3, and C4,

respectively, as compared to 1.31 for shell C 1, and bi-

axial stress ratios of 0.19, 0.16, and 0.12 for shells C2,

C3, and C4, respectively, as compared to 0.19 for shell
C1. These results indicate that the axial stress concen-

tration factor and the biaxial-stress ratio decrease as the

thickness of the cutout reinforcement increases.

The results indicate that the overall character of

the local buckling response in shells C2-C4 is similar to

that of shell C 1. In particular, the local buckling re-
sponses in shells C2-C4 initiate near the cutouts and are

caused by a nonlinear coupling between the localized

regions of destabilizing in-plane biaxial compression
stress resultants and the local shell-wall deformations.

In addition, the locations at which buckling initiates in
shells C2-C4 correspond to points within the reinforced

region of the shells. However, the results also indicate

that the character of the post-local-buckling response

and the transient collapse response can be greatly af-

fected by the reinforcement. For example, shell C2 ex-

hibits a stable post-local-buckling response and global

collapse response similar to that of shell C 1. However,
when the reinforcement thickness is increased, the

shells no longer exhibit a stable post-local-buckling re-

sponse; rather, the shell exhibits a global collapse, e.g.,

shells C3 and C4, and the shells collapse into a general

instability mode-shape. The general instability mode

shape for shell C3 is similar to that exhibited by shell
C1 (see Fig. 3f), however, shell C4 buckles into a mode

shape that consists of two half waves along the length
of the shell and eight full waves around the circumfer-

ence. Upon local buckling and global collapse, shells

C2-C4 exhibit significant stress redistribution through-
out the entire shell, similar to that exhibited by shell C 1
as shown in Figs. 4b, and 4c.

Displacement contour patterns just before buck-

7

American Institute of Aeronautics and Astronautics



lingforshellsC5-C7(correspondingshellswith90°-
plycutoutreinforcement)areshowninFigs.8a-8c,re-
spectively.Theradial-displacementcontourpatterns
forshellsC5throughC7indicatelarge-magnitudelocal
deformationsthatrapidlyattenuateawayfromthecut-
out,andaresimilartothecontoursexhibitedbyshell
C1(seeFig.3a).Themagnitudesoftheshell-wallde-
formationsdecreaseasthethicknessofthereinforce-
mentincreases,andthemagnitudeofthenormalized
displacementsrangefrom-0.58to0.35forshellC5,-
0.54to0.38forshellC6,and-0.46to0.42forshellC7,
ascomparedto-0.65to0.4forshellC1.Theseresults
correspondtoareductioninthemagnitudeofthelocal
deformationsbyasmuchas29%asthethicknessofthe
reinforcementincreases,ascomparedtoshellC1.
However,thereductioninthemagnitudeofthelocal
displacementsfortheseshellsissignificantlylessthan
thatexhibitedbythecorrespondingshellswith0°-ply
reinforcementwhichexhibitedamaximumreduction
ofapproximately91%.Inaddition,axialandcircum-
ferentialdisplacementtracesillustratingtheeffectsof
thecutoutreinforcementonthedeformationresponse
ofshellsC5throughC7arecomparedinFigs.9aand
9b,respectively.Theseresultsindicatethatthethick-
nessofthecutoutreinforcementhasasmalleffecton
themagnitudeanddistributionoftheshellwalldefor-
mationsnearthecutout.Thisbehaviorisincontrastto
thesignificantvariationinthedeformationresponses
exhibitedbythecorrespondingshellswith0°-plyrein-
forcement(shellsC2throughC4)asshowninFigs.7a
and7b.

Thecharacteroftheaxialandcircumferential
stressresultantdistributionsjustbeforebucklingfor
shellsC5throughC7are,forthemostpart,similarto
thatofshellC1showninFig.4a.However,themagni-
tudesofthestressesaresignificantlydifferent.Inpar-
ticular,themagnitudesoftheaxialandcircumferential
stressresultantcomponentsintheseregionsofbiaxial
compressionnearthecutoutjustbeforebucklingareas
follows:Nx=-620lb/inandNo= -103lb/inforshell
C5,Nx=-662lb/inandNe=-94lb/inforshellC6,and
Nx=-759lb/inandNO= -89 lb/in for shell C7, as com-

pared to N x = -568 lb/in, and N o = -110 lb/in for shell

C 1. These results correspond to axial-stress concentra-

tion factors equal to 1.25, 1.19, and 1.16, for shells C5,

C6, and C7, respectively, as compared to 1.31 for shell
C1 and biaxial-stress ratios of 0.17, 0.14, and 0.12 for

shells C5, C6, and C7, respectively, as compared to
0.19 for shell C1. These results indicate that the axial-

stress concentration factor and the biaxial-stress ratio

decrease as the thickness of the cutout reinforcement in-

creases. This trend is similar to the response trend ex-

hibited by shells C2-C4. In addition, the results for

these shells indicate that the magnitude of the axial-

stress concentration factor and the biaxial stress ratio

are, on average, 6.2% greater and 8.7% lower, respec-

tively, as compared to the corresponding shells with 0°-
ply reinforcement, shells C2-C4.

The results indicate that the overall character of

the local buckling response in shells C5-C7 is similar to

that of shell C 1. In addition, the locations at which the

buckling response initiates in the shells correspond to

points within the reinforcement regions. However, the

results also indicate that the character of the post-local-

buckling response and the transient collapse response
can be affected by reinforcement thickness. For exam-

ple, shell C5 exhibits a similar stable post-local-buck-

ling and global collapse responses as that of shell C 1
and C2. However, as the reinforcement thickness is in-

creased, the shell no longer exhibits a stable post-local-

buckling response; rather, the local buckling response
in the shell causes the global collapse of the shell to oc-

cur (e.g., shells C6 and C7). In addition, shells C5 and

C6 exhibit post-collapse general instability mode

shapes similar to that of shell C 1. However, as the

thickness of the reinforcement is increased, the shell ex-

hibits a general instability mode shape that consists of

two half waves along the length of the shell and eight
full waves around the circumference of the shell. This

mode shape is similar to the post-collapse mode shape

exhibited by shell C4. Overall, these response trends

are similar to those exhibited by the corresponding

shells with 0°-ply cutout reinforcements, shells C2-C4.

Upon local buckling and collapse, shells C5-C7 exhibit

significant stress redistribution throughout the entire

shell, similar to that exhibited by shell C 1 that is shown
in Figs. 4b, and 4c.

4.4-in. Square Reinforcement. Results for shells

C8 through C 13 are presented in this section. The cut-

out reinforcements for shells C8 through C 10 consist of

4.4-in square-shaped 0° lamina plies and the cutout re-

inforcements for shells C 11 through C 13 consist of 4.4-

in square-shaped 90 ° lamina plies. Shells C8 and C11

have 0.005-in-thick reinforcement, shells C9 and C12
have 0.01-in-thick reinforcement, and shells C 10 and

C 13 have 0.02-in-thick reinforcement. Numerically
predicted load-shortening response curves for shells C8

through C 10 and shells C 11 through C 13, are presented

in Figs. 10a and 10b, respectively. The quasi-static re-

sponses are indicated by the solid lines and the unstable,

transient buckling responses are indicated by the
dashed lines in the figure. The axial load P is normal-

ized with respect to the bifurcation buckling load of the
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correspondingshellwithoutacutoutPcr=42,590lbf,
andtheend-shorteningA is normalized with respect to

the shell length L. The local buckling points are

marked with filled circles, and global collapse points
are indicate by an X.

The results in Figs. 10a and 10b also show that the
addition of reinforcement around the cutout can have a

significant effect on the overall character of the re-

sponse of the shell, and indicate similar trends to those

shown by shells C2-C7 in Figs. 5a and 5b. In particular,

the local buckling loads increase significantly as the

thickness of the reinforcement increases. Specifically,
the normalized buckling loads for shells C8, C9, and

C10 are equal to 0.62, 0.73, and 0.84, respectively, as
compared to the buckling load of 0.51 for the corre-

sponding unreinforced shell C1. Similarly, the normal-

ized buckling loads for shells C11, C12, and C13 are

equal to 0.64, 0.76, and 0.92, respectively. The results

also indicate that the shells with 90°-ply reinforcements

considered here can exhibit significantly higher buck-

ling loads than the corresponding shells with 0°-ply re-
inforcements, that is, the buckling loads for shells C 11,

C12, and C13 are 3.2, 4.1, and 9.5% higher than for

shells C8, C9, and C10, respectively. In addition, the

results indicate that the buckling loads of the shells in-

crease as the reinforcement size increases. More spe-
cifically, the buckling loads for shells C8, C9, and C 10

are 10, 18, and 12% higher than the buckling loads for

the corresponding shells with 2.4-in square-shaped 0°-

ply reinforcements, shells C2, C3, and C4, respectively.
Similarly, the buckling loads for shells C14-C16 are 9,

18, and 29% higher than the corresponding buckling

loads for shell with 2.4-in-square 90°-ply reinforce-

ments C5, C6, and C7, respectively. Furthermore, the
results indicate that some of the shells with thicker re-

inforcement, C9 through C13, no longer exhibit stable

post-local-buckling responses. Rather, the local buck-
ling response in each shell causes a disturbance of suf-

ficient magnitude to cause the global collapse of the

shell. This response characteristic is contrary to that of

shell C8, which exhibits a stable post-local-buckling re-
sponse before global collapse, similar to that exhibited

by shell C1 (see Fig. 2a). Upon global collapse, each

shell obtains a stable post-collapse configuration, ac-
companied by a significant reduction in axial load-car-

rying capability. The normalized post-collapse load

levels range from 0.31 to 0.35 and these post-collapse

load levels are similar to those exhibited by the corre-

sponding shells with smaller reinforcement; that is,
shells C2-C7 (see Figs. 5a and 5b).

Displacement contour patterns just before buck-

ling for shells C8-C10 are shown in Figs. 1 la-1 lc, re-

spectively. The radial displacements w are normalized

with respect to the shell-wall thickness t =0.04 in. The

outer boundary of the cutout reinforcement in each shell

is marked in the figures with solid lines. In general, the
results indicate that the character of the deformation

patterns just before local buckling can change signifi-
cantly as the thickness of the reinforcement increases.

In addition, the magnitude of the local deformations

near the cutout decreases as the thickness of the rein-

forcement increases. In particular, the displacement

contour patterns exhibited by shell C8, shown in Fig.
11a, exhibit a large-magnitude local deformation re-

sponse that rapidly attenuates away from the cutout in a

manner that is similar to that of shell C 1. The magni-

tude of the normalized shell wall deformations range
between -0.47 to 0.35 for shell C8, as compared to -0.65

to 0.4 for shell C1, and correspond to as much as 28%
reduction in the magnitude of the local deformations

near the cutout, as compared to shell C 1. However, the
character and the magnitude of the local deformations

change significantly as the thickness of the reinforce-

ment increases. In particular, the magnitude and char-
acter of the displacement gradients near the cutout in

shell C9 just before buckling are similar to the displace-

ment gradients exhibited by shell C8. However, the

magnitude of the deformations away from the cutout
and the attenuation lengths of these deformations in-

crease as the thickness of the reinforcement increases,

as shown in Figs. 1 lb, 12a, and 12b. Furthermore, the

results indicate that the displacement gradients near the

cutout are reduced significantly as the thickness of the
cutout reinforcement is increased further and exhibit

normalized displacement magnitudes that range from

0.37 to 0.57; e.g., see shell C10 shown in Fig. 1 lc. In

addition, the large-magnitude displacements away from

the cutout, and the attenuation length of these displace-
ments increase, and the shell exhibits normalized dis-

placement values as large as -0.40, as shown in Figs.
1 lc, 12a, and 12b. Overall, these results indicate that

the local deformations near the cutout decrease with an

increase in the thickness of the cutout reinforcement.

However, the shells also exhibit increasing large-mag-
nitude deformations away from the cutout and the atten-
uation length of these deformations increases as the

thickness of the reinforcement is increased. This re-

sponse trend is similar to that exhibited by the corre-

sponding shells with the smaller 2.4-in-square
reinforcement, however, the magnitudes of the defor-

mations away from the cutout are as much as four times

larger. Additionally, the attenuation lengths are ap-
proximately twice as long in shells C8-C 10, as those ex-

hibited by the corresponding shells with the smaller
2.4-in-square reinforcement.

The character of the local axial and circumferen-

tial stress resultant distributions just before buckling for
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shellsC8throughC10are,largely,similartothosepre-
dictedforshellC1showninFig.4a.However,the
magnitudesofthestressresultantscanvarysignificant-
ly asthethicknessofthecutoutreinforcementincreas-
es.Inparticular,themagnitudesoftheaxialand
circumferentialstressresultantcomponentsinthesere-
gionsofbiaxialcompressionjustbeforebucklingare
Nx=-719lb/inandNo=-129lb/inforshellC8,andNx
=-865lb/inandNo=-126lb/inforshellC9(Nx=-568
lb/in,andNo=-110lb/inforshellC1).Theseresults
correspondtoaxial-stressconcentrationfactorsequalto
1.36and1.40forshellsC8andC9,respectively,as
comparedto 1.31forshellC1andbiaxial-stressratios
of0.18and0.15forshellsC8andC9,respectively,and
0.19forshellC1.Inaddition,themagnitudeoftheax-
ial-stressconcentrationfactorandthebiaxialstressra-
tioforshellsC8-C10are,22,5,and5.7%greateron
averagethanthoseexhibitedbythecorresponding
shellswiththesmallersizedcutoutreinforcement,C2-
C4,respectively.Incontrast,theaxialandcircumfer-
entialstressresultantdistributionschangesignificantly
asthethicknessofthereinforcementincreasesfurther.
Specifically,shellC10exhibitslocalizedregionsofin-
planebiaxialcompressionstressresultantsinthebend-
ingboundarylayerregionoftheshellandthemagni-
tudesofthestressareNx=-985lb/inandNo=-58lb/
in. Thesestressresultantscorrespondtoanaxial-stress
concentrationfactorof1.38,andabiaxial-stressratioof
0.06.

Thedeformationpatternsandstressesindicate
thattheinitiationofthelocalbucklingresponseof
shellsC8andC9issimilartothatofshellC1.Howev-
er,theresultsalsoindicatethatthecharacterofthepost-
local-bucklingresponseandthetransientcollapsere-
sponsecanbegreatlyaffectedbythecutoutreinforce-
ment.Inparticular,shellC8exhibitsasimilarstable
post-localbucklingresponseandglobalcollapsere-
sponseasthatexhibitedbyshellC1asshowninFigs.
3c-3f.However,asthethicknessofthereinforcement
increasestheshellnolongerexhibitsastablepost-lo-
cal-bucklingresponse.Instead,thelocalresponsein
shellcausestheoverallglobalcollapsetooccur(e.g.,
shellC9).ThisresponsetrendforshellsC8andC9is
similartothatexhibitedbythecorrespondingshells
withsmallerreinforcement,shellsC2andC3.Asthe
thicknessofthereinforcementisincreasedfurther,the
shellnolongerexhibitsalocalbucklingresponsenear
thecutout.Forthiscase,alocalbucklingresponseini-
tiatesinthebendingboundarylayerregionwherelarge-
magnitudeinwarddeformationsoccur,e.g.,seeshell
C10,andFig.11c).Thesedeformationscouplewithlo-
calizeddestabilizingin-planebiaxialcompression
stressresultantsinthebendingboundarylayerregionof

theshell.Thislocalizedbucklingresponseinthebend-
ingboundaryregionoftheshellcausestheglobalcol-
lapseoftheshell.Thisresponsecharacteristicisunlike
thatofthecorrespondingshellwiththesmaller,2.4-in-
squarecutoutreinforcement(shellC4)whichexhibits
localbucklingnearthecutout.Thisresultillustrates
howthereinforcementsizecanhaveasignificanteffect
onthecharacterofthebucklingresponseoftheshell.
Inparticular,thecutoutreinforcementhassuppressed
thelocalbucklingresponsenearthecutoutandtheshell
nowexhibitsadifferentlocalizedresponsein thebend-
ingboundaryregionthatcausesthebucklingofthe
shell.Uponlocalbucklingandcollapse,shellsC8-C10
exhibitsignificantstressredistributionthroughoutthe
entireshellinamannersimilartothatofshellC1that
isshowninFigs.4b,and4c.

Thedeformationresponsejustbeforebucklingfor
shellsC1l-C13(correspondingshellswith90°-plycut-
outreinforcement)areshowninFigs.13a-13c,respec-
tivelyandalsoillustratehowthethicknessofthe
reinforcementcanhaveasignificanteffectonthedefor-
mationresponse.Inparticular,theradial-displacement
contourpatternsofshellsC11andC12showsimilarlo-
callarge-magnitudedeformationsthatrapidlyattenuate
awayfromthecutoutandaresimilartothoseexhibited
byshellC1.However,asthethicknessofthereinforce-
mentincreases,theshellexhibitssignificantdifferences
inthedeformationpattern(e.g.,shellC13),ascom-
paredtoshellsC11andC12.Specifically,large-mag-
nituderadialdeformationsdevelopinalargeportionof
theshellawayfromthecutoutandincludetwolargein-
wardbucklesthatdevelopinthebendingboundarylay-
erregionoftheshell.Inaddition,themagnitudesofthe
shellwalldeformationsincreaseasthethicknessofthe
reinforcementincreasesfrom0.005inchesto0.01inch-
es;thatis,themagnitudesoftheshell-walldeforma-
tionsrangebetween-0.67to0.39forshellC11and
between-0.96to0.68forshellC12,ascomparedto-
0.65to0.4forshellC1.Theseresultscorrespondtoan
increaseinthemagnitudeofthedisplacementsbyas
muchas70%inshellsC11andC12.However,upon
furtherincreaseofthereinforcementthicknessto0.02
inches,themagnitudeofthenormalizedshell-wallde-
formationsdecreasesignificantlytobetween-0.37to
0.45forshellC13,andcorrespondtoa43%decreasein
themagnitudeofthedeformations,ascomparedtoshell
C1.Axialandcircumferentialtracesillustratingtheef-
fectsofthecutoutreinforcementonthedeformationre-
sponseofshellsC11throughC13arecomparedinFigs.
14aand14b,respectively.Theresultsshowthatsignif-
icantchangesinthecharacterofthedeformationre-
sponseoftheshellsoccurasthethicknessofthe
reinforcementischanged.Inparticular,shellC13ex-
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hibitsasignificantincreaseintheattenuationlengthof
thelocaldeformationresponseascomparedtoshells
C11andC12.Theseresultsindicatethat,forthemost
part,thecharacterandmagnitudesofthedeformation
responsesforshellswith4.4-in-square90°-plyrein-
forcement(seeshellsC11throughC13showninFigs.
11a-11c)canbesignificantlydifferentfromthecorre-
spondingshellswith0°-plyreinforcement(seeshells
C8throughC10inFigs.13a-13c).Inparticular,there-
inforcementinshellsC8-C10reducesthelocaldefor-
mationsnearthecutoutjustbeforebuckling.In
contrast,shellsC11-C13canexhibitincreasesinthelo-
caldeformationswithanincreaseinthereinforcement
thickness.

Thecharacterofthelocalaxialandcircumferen-
tialstressresultantdistributionsnearthecutoutjustbe-
forebucklingforshellsC11throughC13are,forthe
mostpart,similartothatofshellC1showninFig.4a.
However,themagnitudesofthestressresultantscanbe
significantlydifferent.Inparticular,themagnitudesof
theaxialandcircumferentialstressresultantcompo-
nentsintheseregionsofbiaxialcompressionnearthe
cutoutjustbeforebucklingareasfollows:Nx=-681lb/
inandNo=-126lb/inforshellC11,andNx=-843lb/
inandNo= -173lb/inforshellC12,ascomparedtoNx
=-568lb/in,andNo=-110lb/inforshellC1.Thesere-
sultscorrespondtoaxial-stressconcentrationfactors
equalto 1.26and1.30(1.31forshellC1)andbiaxial-
stressratiosof0.19and0.21,forshellsC11andC12,
respectively(0.19forshellC1).Theseresultsindicate
thattheaxial-stressconcentrationfactorandthebiaxial
stressratioincreaseasthethicknessofthecutoutrein-
forcementincreases.Themagnitudeoftheaxial-stress
concentrationfactorandthebiaxial-stressratiofor
theseshellsare,onaverage,approximately7.2%lower
and21%greater,respectively,ascomparedtothecor-
respondingshellswith0°-plyreinforcement(shellsC8-
C9).Thistrendexhibitedbytheshellswith4.4-in-
squarereinforcementsiscontrarytothatoftheshells
withsmaller2.4-in-squarecutoutreinforcements,in
whichtheshellswith0°-plyreinforcementexhibited
larger-magnitudeaxial-stressconcentrationfactorsand
lowerbiaxial-stressratiosthanthatofthecorrespond-
ingshellswith90° reinforcement.Inaddition,there-
sultsindicatethatthemagnitudeofthestress
concentrationfactorsandthebiaxial-stressratiosare,
onaverage,0.8and39.9%greaterthanthoseexhibited
bythecorrespondingshellswiththesmallerreinforce-
ment,shellsC5-C7.Incontrast,theaxialandcircum-
ferentialstressresultantdistributionschange
significantlyasthethicknessofthereinforcementin-
creasesfurtherto0.02inches.Specifically,shellC13

exhibitslocalizedregionsofin-planebiaxialcompres-
sionstressresultantsinthebendingboundarylayerre-
gionoftheshellandthemagnitudesofthestress
resultantsareNx=-838lb/in,andNo=-128lb/in,
whichcorrespondtoanaxial-stressconcentrationfactor
of1.08,andabiaxial-stressratioof0.15.Thisresponse
characteristicissimilartothatofshellC10.Theresults
alsoindicatethatshellsC1l-C13exhibitsimilarpost-
local-bucklingandcollapseresponsetrendsasthoseex-
hibitedbythecorrespondingshellswith0°-plyrein-
forcement,shellC8-C10.

8.0-in. Square Reinforcement. Results for shells

C 14 through C 19 are presented in this section. The cut-

out reinforcements for shells C14 through C 16 consist

of 8.0-in by 8.0-in square-shaped 0° lamina plies and

the cutout reinforcements for shell C 17 through C 19

consist of 8.0-in by 8.0-in square-shaped 90 ° lamina
plies. Shells C14 and C 17 have 0.005-in-thick rein-

forcement, shells C 15 and C 18 have 0.01-in-thick rein-

forcement, and shells C 16 and C 19 have 0.02-in-thick

reinforcement. Predicted load-shortening response
curves for shells C 14 through C16 and shells C17

through C19, are presented in Figs. 15a and 15b, re-

spectively. The quasi-static responses are indicated by

solid lines and the unstable, transient buckling respons-

es are indicated by dashed lines in the figure. The axial

load P is again normalized with respect to the bifurca-

tion buckling load of the corresponding shell without a

cutout obtained from a linear eigenvalue analysis Pcr=

42,590 lbf, and the end-shortening displacement A is

normalized with respect to the shell length L. The local

buckling points are marked with filled circles, and glo-
bal collapse points are indicated by an X. These results
show that the addition of reinforcement around the cut-

out can have a significant effect on the overall character

of the response of the shell, and exhibit, for the most

part, similar response trends to those shown by shells

C2-C7 in Figs. 5a and 5b, and shells C8-C13 in Figs.
10a and 10b. In particular, the local buckling loads of
the shells increase as the thickness of the reinforcement

increases; that is, the normalized buckling loads for

shells C 14, C 15, and C 16 are equal to 0.61,0.72, and
0.74, respectively, as compared to the normalized buck-

ling load of 0.51 for the corresponding unreinforced
shell C 1. However, the results indicate that an increase

in the size of the cutout reinforcement in shells C 14-

C16 causes a 1.6, 1.4, and 12% reduction in the buck-

ling loads as compared to the corresponding buckling

loads for shells C8-C 10 (shells with 4.4-in-square 0°-

ply reinforcements), respectively. Furthermore, the re-

sult indicate that the effective axial compression stiff-
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nessoftheshellincreasesasthethicknessofthe
reinforcementincreases,asshowninFig.15a.Thisre-
sultisincontrasttotheresultsfromshellsC2-C4and
C8-C10whichexhibitnegligiblechangesintheeffec-
tiveaxialstiffnessoftheshellswiththeadditionofthe
cutoutreinforcements.Thenormalizedbucklingloads
forshellsC17,C18,andC19equal0.66,0.83,and0.93,
respectively,andcorrespondtoa3.1,9.2,and1%in-
creaseinthebucklingloadoverthecorresponding
bucklingloadsforshellsC11,C12,andC13(shells
with4.4-in-square90°-plyreinforcements),respective-
ly. Theresultsindicatethattheshellswith90°-plyre-
inforcementsconsideredhereinexhibitsignificantly
higherbucklingloadsthanthecorrespondingshells
with0°-plyreinforcements;thatis,thebucklingloads
forshellsC17,C18,andC19are8.2,15.3,and25.7%
higherthanthebucklingloadsofshellsC14,C15,and
C16,respectively.Thisresponsetrendissimilartothat
exhibitedbyshellsC8-C13,however,thedifferencesin
thebucklingloadsaresignificantlygreaterfortheshells
withthe8.0-in-squarereinforcement.Furthermore,the
resultsindicatethatsomeshellswiththickercutoutre-
inforcementnolongerexhibitstablepost-local-buck-
lingresponses.Rather,thelocalbucklingresponsein
eachshellcausesadisturbanceintheshellofsufficient
magnitudetocausetheglobalcollapseoftheshell,e.g.,
shellsC15throughC19.Incontrast,shellC14which
exhibitsastablepost-local-bucklingresponsebefore
globalcollapsesimilartothatexhibitedbyshellC1(see
Fig.2a).Uponglobalcollapse,eachshellobtainsasta-
blepost-collapseconfigurationandexhibitsasignifi-
cantreductioninaxialloadcarryingcapability.The
normalizedpost-collapseloadlevelsforshellsC14-
C19rangefrom0.34to0.39andareasmuchas26%
greaterthanthecorrespondingpost-collapseload-lev-
elsofshellsC2-C7andC8-C13.

Displacementcontourpatternsjustbeforebuck-
lingforshellsC14-C16areshowninFigs.16a-16c,re-
spectively.Theradialdisplacementsw are normalized

with respect to the shell-wall thickness t = 0.04 in. The

outer boundary of the cutout reinforcement in each shell

is marked in the figures with solid lines. These results

also indicate that the character of the deformation re-

sponse in the shell just before buckling changes signif-
icantly as the thickness of the reinforcement increases.

For example, the displacement contour patterns exhib-
ited by shells C 14 and C 15 shown in Figs. 16a and 16b,

respectively, exhibit similar local large-magnitude de-

formations that rapidly attenuate away from the cutout

and are similar to the response exhibited by shell C 1. In
addition, the magnitudes of the normalized shell-wall

deformations increase as the thickness of the reinforce-

ment increases and range between -0.54 to 0.48 for

shell C 14 and between -0.98 to 0.62 for shell C 15, and
correspond to as much as a 20% and 50.8% increase in

the magnitude of the local deformations near the cutout,

respectively, as compared to shell C 1. In contrast, the

character of deformation response just before buckling
for shell C 16, changes significantly with an increase in

the thickness of the reinforcement as shown in Fig. 16c,
as compared to shells C14 and C15. In particular, the
local deformation response near the cutout is character-

ized by a large ellipse-shaped inward buckle and the

semi-major axis of the buckle is aligned with the longi-
tudinal axis of the shell. In addition, large-magnitude
outward radial deformations occur on either side of the

cutout. Furthermore, the displacement gradients near

the cutout in shell C16 are reduced significantly with

normalized displacement magnitudes that range from -

0.30 to 0.47, e.g., see Figs. 17a and 17b, and correspond

to a 27% reduction in the local displacement gradient.

Generally, the results indicate that the magnitude of the
shell-wall displacements away from the cutout and the

attenuation length of these shell wall displacements in-
crease as the thickness of the reinforcement increases,

as shown in Figs. 17a and 17b, respectively. Further-
more, the magnitude of the deformations and the atten-

uation length of these deformations are significantly
larger than those exhibited by the corresponding shells

with 2.4-in- and 4.4-in-square cutout reinforcement.

The character of the local axial and circumferen-

tial stress resultant distributions near the cutout just be-

fore buckling for shells C 14 through C 16 are, for the

most part, similar to those of shell C 1 (shown in Fig.
4a). However, the magnitudes of the stress resultants

can vary significantly as the thickness of the reinforce-

ment increases. The magnitudes of the axial and cir-

cumferential stress resultant components in the regions

of bi-axial compression just before buckling are N x = -

719 lb/in and N o = - 121 lb/in for shell C 14, and N x = -

940 lb/in and N o = -227 lb/in for shell C 15. The results

correspond to axial-stress concentration factors equal to

1.39, 1.55, for shells C14, C15, respectively, (1.31 for
shell C1) and biaxial-stress ratios of 0.17, 0.24, for

shells C14, C15, respectively, (0.19 for shell C1). The

stress concentration factors for these shells are, on av-

erage, 26.2 and 6.5 % greater than those exhibited by the

corresponding shells with 2.4-in- and 4.4-in-square re-
inforcements, respectively. Similarly, the results indi-

cate that biaxial-stress ratios for these shells are, on

average, 20.0 and 27.3 % greater than those exhibited by
the corresponding shells with 2.4-in- and 4.4-in-square
reinforcements, respectively. In contrast, shell C 16 de-

veloped regions of biaxial stress resultants in the bend-

ing boundary region of the shell with stress resultant

values of N x = -867 lb/in, and N o = -163 lb/in for shell
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C16,andcorrespondtoanaxial-stressconcentration
factorof 1.38andabiaxial-stressratioof0.16.Thisre-
sponsecharacteristicissimilartothatexhibitedbythe
correspondingshellwith4.4-in-squarereinforcement,
shellC10.Theresultsindicatethattheinitiationofthe
localbucklingresponseofshellsC14andC15issimilar
tothatof shellC1,however,theresultsalsoindicate
thatthecharacterofthepost-local-bucklingresponse
andthetransientcollapseresponsecanbeeffectedby
thereinforcement.Forexample,shellC14exhibitsa
similarstablepost-local-bucklingresponseandglobal
collapseresponseasthatofshellC1.Asthethickness
ofthereinforcementincreases,theshellnolongerex-
hibitsastablepost-local-bucklingresponse.Rather,the
localbucklingresponseintheshellcausestheoverall
collapseoftheshell(e.g.,shellC15).Asthethickness
ofthereinforcementisincreasedfurther,theshellno
longerexhibitsalocalbucklingresponsenearthecut-
out,rather,alocalbucklingresponseinitiatesinthe
bendingboundarylayerregionoftheshellsimilarto
thatexhibitedbyshellC10.Thislocalizedbucklingre-
sponseinthebendingboundarylayerregionoftheshell
initiatestheglobalcollapseoftheshell.Thisresponse
trendassociatedwiththepost-local-bucklingandglo-
balcollapseresponseissimilartothatexhibitedbythe
correspondingshellswith4.4-in-squarereinforcement.

Displacementcontourpatternsjustbeforebuck-
lingforshellsC17-C19(correspondingshellswith90°-
plycutoutreinforcement)areshowninFigs.18a-18c,
respectively,andindicatethatthecutoutreinforcement
canhaveasignificanteffectonthedeformationre-
sponsein theshell.Inparticular,theradialdisplace-
mentcontourpatternsexhibitedbyshellsC17andC18
indicatelocallarge-magnitudedeformationssimilarto
thoseforthecorresponding0°-plyreinforcedshells
C14andC15andtheunreinforcedshellC1.Themag-
nitudesoftheshell-walldeformationsrangefrom-0.8
to0.41forshellC17and-0.71to0.45forshellC18,and
indicatethatthemagnitudeofthelocaldeformationsin-
creasebyasmuchas23and9.2%inshellsC17,C18,
respectively,ascomparedtoshellC1.However,asthe
thicknessofthereinforcementincreasesfurther,the
shellexhibitsasignificantreductioninthelocaldefor-
mations(e.g.,shellC19).Inaddition,large-magnitude
radialdeformationsdevelopinalargeportionofthe
shellawayfromthecutoutandincludefourlargein-
wardellipse-shapedbucklesthatdevelopinthebending
boundarylayerregionoftheshellandisasimilardefor-
mationresponsetothatofshellC16(e.g.,Fig.16c).
Themagnitudeoftheshell-walldeformationsranges
from-0.37to0.36andcorrespondtoa43%increasein
thedeformationsawayfromthecutout.Axialandcir-
cumferentialtracesillustratingtheeffectsofthecutout

reinforcementonthedeformationresponseof shells
C17throughC19arecomparedinFigs.19aand19b,re-
spectively.Theresultsshowthesignificantchangesin
thecharacterofthedeformationresponseoftheshells
asthethicknessofthereinforcementischanged.Inpar-
ticular,shellC19exhibitsaslightincreasein themag-
nitudeoftheshell-walldeformationsawayfromthe
cutoutandanincreaseintheattenuationlengthof the
localdeformationresponsearoundthecircumferenceof
theshellascomparedtoshellsC17andC18.Thesere-
sultsindicatethat,forthemostpart,thecharacterofthe
deformationresponsesforshellswith8.0-in-square
90°-plyreinforcement(e.g.,seeshellsC17throughC19
Figs.18a-18c),issomewhatsimilartothatofthecorre-
spondingshellswith0°-plyreinforcement(e.g.,see
shellsC14throughC16inFigs.16a-16c).However,
themagnitudesandattenuationlengthsofthedeforma-
tionsinshellsC17-C19aregenerallysmallerthenthose
of shellsC14-C16.Inaddition,themagnitudeofthe
deformationsinshellswith8.0-in-squarereinforcement
canbeasmuchas38%largerthanthoseofthecorre-
spondingshellswith2.4-in-squarereinforcement,and
26%smallerthanthoseexhibitedbythecorresponding
shellswith4.4-in-squarereinforcement.

Thecharacterofthelocalaxialandcircumferen-
tialstressresultantdistributionsjustbeforebucklingfor
shellsC17throughC19are,forthemostpart,similarto
thatofshellC1(showninFig.4a).However,themag-
nitudesofthestressresultantscanbesignificantlydif-
ferentasthethicknessofthereinforcementincreases.
Inparticular,theaxialandcircumferentialstressresult-
antcomponentsintheseregionsofbiaxialcompression
justbeforebucklingareNx=-736lb/inandNo=- 156
lb/inforshellC17,andNx=-888lb/inandNo= -145
lb/inforshellC18.Theseresultscorrespondtoaxial-
stressconcentrationfactorsequalto1.32and1.27for
shellsC17andC18,respectively,(1.31forshellC1)
andbiaxial-stressratiosof0.21and0.16,forshellsC17
andC18,respectively(0.19forshellC1).Theseresults
indicatethattheaxial-stressconcentrationfactorand
thebiaxial-stressratiodecreaseasthethicknessofthe
cutoutreinforcementincreases.Inaddition,theresults
indicatethatthemagnitudeoftheaxial-stressconcen-
trationfactorsfortheseshellsis,onaverage,1.9%low-
erandthebiaxial-stressratiois,onaverage,9.8%lower
thanthoseexhibitedbythecorrespondingshellswith
0°-plyreinforcement.Furthermore,theresultsindicate
thatthestressconcentrationfactorsare,onaverage,0.8
and1.7%greaterthanthecorrespondingshellswith
2.4-in-,and4.4-in-squarereinforcements,respectively.
Similarly,theresultsindicatethatthebiaxial-stressra-
tiosare,onaverage,30.6%greaterand10.5%lessthan
thecorrespondingshellswith2.4-in-,and4.4-in-square
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reinforcements,respectively.However,asthethick-
nessofthereinforcementincreasesfurther,theshellex-
hibitsregionsofbiaxialcompressionstressresultantsin
thebendingboundarylayerregionoftheshellsimilarto
thatexhibitedbyshellC16andthestressresultantsare
Nx=-865lb/inandNO=-96lb/inandcorrespondtoa
stressconcentrationfactorof 1.09andabiaxial-stress
ratioof0.11.Ingeneral,theresultsindicatethatshells
C17-C19exhibitsimilarpost-local-bucklingandcol-
lapseresponsetrendsasthoseexhibitedbythecorre-
spondingshellswith0°-plyreinforcement,shellC14-
C16.

Response Trends and Design Considerations

The results presented herein illustrate how a com-

pression-loaded composite shell with an unreinforced

cutout can exhibit a complex nonlinear response, and

that the character of the response can be significantly
affected by the addition of reinforcement around the

cutout. The buckling response in the shell is caused by
a complex nonlinear coupling between local shell-wall

deformations and in-plane destabilizing compression
stresses near the cutout. The cutout reinforcement can

retard the onset of buckling by retardingthe onset of the
local deformations and stress concentrations in the shell

near the cutout. The results presented herein indicate
that, for the most part, as the thickness and the size of

the cutout reinforcement increases, the buckling load of
the shell increases, as expected. In addition, the results

show that reinforcement orientation can have a very

pronounced effect on the shell response. In particular,

shells with 90°-ply cutout reinforcement have higher

buckling loads than the corresponding shells with 0°

cutout reinforcement. Furthermore, shells with 0°-ply
reinforcement exhibit smaller-magnitude deformations

near the cutout than the corresponding shells with 90° -

ply reinforcement. However, the shells with 0°-ply re-
inforcement can exhibit larger-magnitude deformations

away from the cutout, as compared to the correspond-

ing shells with 90 ° reinforcement. In particular, as the

size and thickness of the reinforcement increases, the

magnitude and attenuation length of the deformations

away from the cutout increases. These changes in char-

acter of the deformation response can be important in

understanding the formation of local bending gradients

in thin-walled laminated shells. In particular, large-
magnitude bending gradients in thin-walled laminated

shells have been shown to cause interlaminar material

failures (e.g., see Ref. 7). The results also indicate that,
in general, shells with 1 or 2-ply reinforcement, i.e.,

0.005-in- and 0.01-in-thick reinforcement, exhibit local

buckling near the cutout. The local buckling of the

shell is caused by a complex nonlinear coupling be-

tween local shell-wall deformations and in-plane desta-
bilizing compression stresses near the cutout, and this

response is similar to that exhibited by the correspond-
ing shell with an unreinforced cutout, C1. In contrast,

some shells with 4-ply reinforcements no longer exhibit
local buckling near the cutout. Rather, the shells exhib-

it local buckling in the bending boundary layer region
near the ends of the shell. For these cases, localized de-

stabilizing in-plane biaxial stresess form in the bending

boundary region of the shell and these stresses couple

with the bending boundary layer deformations to cause

local buckling to initiate in the bending boundary layer
region of the shell. The results also indicate that shells

with 1-ply reinforcement tend to exhibit stable post-lo-
cal-buckling responses and can support additional load

before global collapse. In contrast, the local buckling

response of shells with thicker reinforcement (2-, and 4-

ply-thick) can cause the overall global collapse of the
shells. The results also indicate that shells with thinner

reinforcements exhibit post-collapse general instability

mode-shapes similar to that of the corresponding shell

with an unreinforced cutout and are characterized by

one half wave along the length of the shell and eight full
waves around the circumference. In contrast, shells

with thicker reinforcement can exhibit a post-collapse
general instability mode-shapes that consists of two

half waves along the length and eight full waves around
the circumference.

The results indicate that shells with reinforced cut-

outs exhibit local stress distributions near the cutout

similar to that exhibited by the corresponding shell with
an unreinforced cutout. In particular, the shells exhibit
significant axial and circumferential stress concentra-

tions near the cutout and regions of in-plane biaxial

compression stress. However, the magnitudes of the

stress concentrations and the biaxial-stress ratio just be-

fore buckling can vary significantly as the reinforce-

ment orientation, size, and thickness vary. In particular,

shells with 2.4-in-square cutout reinforcements exhibit

axial-stress concentration factors that are, on average,
11% lower than the corresponding shell with an unrein-

forced cutout. Similarly, these shells exhibit biaxial-

stress ratios that are, on average, 25 % greater than that

of the shell with an unreinforced cutout. In addition,
there is at most a 5% difference in the stress concentra-

tion factors and the biaxial-stress ratios exhibited by

shells C2-C7. As the reinforcement size increase, the
axial-stress concentration factors and the biaxial-stress

ratios increase significantly for shells with 0°-ply rein-
forcements and the stress concentration factor and the

biaxial-stress ratio are, on average, 12.2% and 70.8%

greater than that of the unreinforced shell C 1, respec-
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tively.Similarly,shellswith90°-plyreinforcementex-
hibitbiaxial-stressratiosthatare,onaverage,54%
greaterthanthatoftheshellwithanunreinforcedcut-
out.However,theaxial-stressconcentrationfactorsre-
main,onaverage,1.1%lowerthanthatexhibitedbythe
unreinforcedshell.Theseresultssuggestthatshells
withthe90°-plyreinforcementcontinuetoachieve
higherbucklingloadsasthereinforcementsizeincreas-
es,ascomparedtothecorrespondingshellswith0°-ply
reinforcement,becausetheshellswith90°-plyrein-
forcementdonotgenerateincreasinglylargermagni-
tudesofaxial-stressconcentrationsasthe
reinforcementsizeincreases.Incontrast,shellswith
0°-plyreinforcementexhibitsignificantincreasesinthe
magnitudeoftheradialdeformationsandtheaxial-
stressconcentrationsnearthecutoutatlowerapplied
loadlevels.

Forthemostpart,theresponsetrendsfortheshells
presentedhereinareconsistentwithwhatonemightex-
pect,however,theshellswith8.0-in-square0°-plycut-
outreinforcement,C14-C16,exhibitedsome
unexpectedbehavioralcharacteristics.Inparticular,
theseshellsexhibitedlowerbucklingloadsthanthose
exhibitedbythecorrespondingshellswithsmaller4.4-
in-squarereinforcements.Mostnotably,shellC16,
witha4-ply-thickreinforcement,exhibitedanormal-
izedbucklingloadof0.74ascomparedto0.84forthe
correspondingshellwitha4.4-insquarecutoutrein-
forcement,shellC10.Furthermore,theseshellsexhibit
substantiallylargermagnitudesofradialdeformations
andlargermagnitudesofstressconcentrationsandbi-
axial-stressratiosnearthecutoutthanthoseexhibited
bycorrespondingshellswithsmaller-sizereinforce-
ments.Theresultsindicatethattheloadintheshellis
redistributedintotheregionoftheshellneartherein-
forcementandcausesthehighermagnitudedestabiliz-
ingstressesanddeformationstooccurinthebending
boundarylayerregionoftheshellatlowerappliedload
levelsandultimatelycausethebucklingoftheseshells
tooccuratlowerappliedloadlevels.Inaddition,these
shellsexhibitbucklingloadsthataresignificantlylower
thanthecorrespondinglinearbifurcationbuckling
loads.In particular,thepredictedbucklingloadfor
shellC16is12.6%lowerthanthecorrespondingbifur-
cationbucklingload.

Concluding Remarks

The results from a numerical study of the response

of thin-wall compression-loaded quasi-isotropic lami-
nated composite cylindrical shells with reinforced and

unreinforced square cutouts have been presented. The
results identify some of the effects of cutout-reinforce-

ment orthotropy, size, and thickness on the nonlinear

response of the shells. A high-fidelity nonlinear analy-
sis procedure has been used to predict the nonlinear re-
sponse of the shells.

The results presented herein indicate that a com-

pression-loaded shell with an unreinforced cutout can

exhibit a complex nonlinear response that is not typical-

ly found in the corresponding shell without a cutout. In

particular, a local buckling response occurs in the shell

that is caused by a localized nonlinear coupling be-

tween local shell-wall deformations and in-plane desta-
bilizing compression stresses near the cutout. In

general, the addition of reinforcement around a cutout

in a compression-loaded shell can have a significant ef-

fect on the shell response, as expected. In particular, re-
sults have been presented that indicate that the

reinforcement can affect the local deformations and

stresses near the cutout so as to retard or suppress the
onset of local buckling in the shell near the cutout. For

some cases, the local buckling response in the shell re-

sults in a stable postbuckling response near the cutout
and additional load can be applied to the shell before it

undergoes a global collapse. For other cases, the local

response in the shell causes a disturbance of sufficient

magnitude in the shell to cause global collapse to occur
immediately after the local instability occurs. For still

other cases, the reinforcement suppresses the local

buckling response near the cutout and causes buckling

to occur in the bending boundary region of the shell.
For the most part, the buckling load of the shell increas-

es as the size and thickness of the cutout reinforcement

increases. However, some results indicate that shells

with a larger 0°-ply reinforcement can actually exhibit

an increase in the magnitude of local deformations and
stresses in the shell, and cause a reduction in the buck-

ling load as compared to the corresponding shell with a

smaller reinforcement. For these cases, the results indi-

cate that this reinforcement configuration causes a re-

distribution of the loads into the reinforced region of the

shell; causes larger-magnitude displacements and

stresses to occur at lower applied-load levels in the

shell; hence, causes the buckling of the shell at lower
applied load levels. The results indicate that shells with

90°-ply cutout reinforcement tend exhibit higher buck-

ling loads than the corresponding shells with 0°-ply re-

inforcement. The results suggest that shells with the

90°-ply reinforcement continue to achieve higher buck-

ling loads because the shells with 90°-ply reinforce-

ment exhibit smaller-magnitude axial-stress

concentrations. In contrast, shells with 0°-ply rein-
forcement exhibit larger-magnitude axial-stress con-
centrations near the cutout.

Overall, the results suggest that tailoring the
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orthotropy,thicknessandsizeofacutoutreinforcement
inacompression-loadedshellcanresultinsignificant
increasesinthebucklingload,andcanreducethelocal
deformationsandstressesnearthecutout.However,
theresultsalsosuggestthatanonlinearanalysismaybe
necessarytoaccuratelycharacterizethecomplexnon-
linearbehaviorexhibitedbythesestructures.Amodem
high-fidelitynonlinearanalysisprocedurewasusedin
thestudyandofferstheopportunitytoprovideinsight
intotheeffectsofvariouscutoutreinforcementcon-
ceptsontheresponseofcompression-loadedshell
structures.Moreover,resultsfromahigh-fidelityanal-
ysisprocedurecanimprovesomeoftheengineeringap-
proximationsandmethodsthatareusedinthedesignof
reinforcedcutoutsinshellstructures.
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Table 1. Shell Identification Codes and Reinforcement Configuration

Shell Identification Reinforcement Reinforcement
Size, Reinforcement Ply thickness, in.

Code in. x in. Orientation, deg. (# of plies)

C1

C2 2.4 x 2.4 0 .005 (1)

C3 2.4 x 2.4 0 .01 (2)

C4 2.4 x 2.4 0 .02 (4)

C5 2.4 x 2.4 90 .005 (1)

C6 2.4 x 2.4 90 .01 (2)

C7 2.4 x 2.4 90 .02 (4)

C8 4.4 x 4.4 0 .005 (1)

C9 4.4 x 4.4 0 .01 (2)

C10 4.4 x 4.4 0 i02 (4)

C 11 4.4 x 4.4 90 .005 (1)

C12 4.4 x 4.4 90 .01 (2)

C13 4.4 x 4.4 90 .02 (4)

C 14 8.0 x 8.0 0 .005 (1)

C15 8.0 x 8.0 0 .01 (2)

C16 8.0 x 8.0 0 .02 (4)

C 17 8.0 x 8.0 90 .005 (1)

C18 8.0 x 8.0 90 .01 (2)

C 19 8.0 x 8.0 90 .02 (4)
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u(o, e) = A

u(L, _) = 0

1.0-in-long
clamped boundary
region, v = w = 0

1 .O-in-long
clamped boundary
region, v = w = 0

Fig. 1 Typical finite-element model geometry and boundary conditions.

Axial

load,

P/Pcr

0.4

Axial

load, 0.3

P/Pcr

0.2

/

a) Load-shortening response b) Load-time history during collapse

Fig. 2 Numerically predicted nonlinear response of a compression-loaded cylindrical shell with an unrein-
forced cutout C1.
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a)DeformationPatternA b)DeformationPatternB c)DeformationPatternC
P/Pcr=0.51 P/Pcr=0.48 Time=0.0seconds

P/Pcr=0.56

d)DeformationPatternD e)DeformationPatternE f)DeformationPatternF
Time=0.0022seconds Time=0.0035seconds Time=0.015seconds
P/Pcr=0.47 P/Pcr=0.39 P/Pcr=0.33

Fig.3 Numericallypredicteddeformationresponseof a compression-loaded cylindrical shell with an unrein-

forced cutout C1. The deformation patterns A-F correspond to the points labeled in Fig. 2.
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__, Nx, Ib/in. No, Ib/in.

-38 • :...... _ -- 528

-2023 -695

magnified view magnified view

a) Initial local buckling, corresponding to Point A in Fig. 2a, P/Per = 0.51.

Nx, Ib/in. _ N0, Ib/in.

7 _ 208

-2718 -1527

b) Initial global collapse, corresponding to Point C in Fig. 2a, P/Pcr = 0.56, time = 0.0 seconds.

Nx, Ib/in.

_ 179

-1675

c) Post collapse, corresponding to Point F in Fig. 2a, P/Pcr = 0.33, time = 0.015 seconds.

No, Ib/in.

184

-1096

Fig. 4 Numerically predicted deformation response and stress resultant contours at selected points in the non-

linear response of a compression-loaded cylindrical shell with an unreinforced cutout C1.
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Quasi-static response

.... Unstable transient response
@ Initial buckling point
X Global collapse

0.75

Axial

load, 0.5

P/Pcr

0.25

P

Reinforcement
region

'F
= C4

- ca i
C2 , i

=

, C1 i

. )
' t

C2, 0.005-in-thick reinforcement
/ C3, 0.01-in-thick reinforcement

C4, 0.02-in-thick reinforcement

''o 'oi'' odo2.0 . 0.003

End-shortening A/L

0.75

Axial

load, 0.5
P/Pcr

0.25

00 ' O0 '

a) 0°-ply orientation

C7

C6 i

C5 = }

i i

/ C1, no reinforcement
/ C5, 0.005-in-thick reinforcement

/ C6, 0.01-in-thick reinforcement
C7, 0.02-in-thick reinforcement

• 0 . 0 0.003

End-shortening A/L

b) 90°-ply orientation

Fig. 5 Effects of cutout-reinforcement thickness and reinforcement fiber orientation on the predicted load-

shortening response of a geometrically perfect compression-loaded cylindrical shell with a cutout. (2.4-in
square-shaped reinforcement)
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=',::::::::::::::::::=::!:!:=_.:!::_:_.::=_-i::;;:!!:_::;:;i:;_i;='.:!;::ii!!)ilili!i!i!HI[;!_.!_.!i!!!i!!!ii iiii !!!!iiiiiiiiiIIZ_-
_'_'IIUIUU III:_:I::lIiI)l;h',_l;:l IUIUIUU"_-

-0.51 w/t 0.30 -0.33 w/t 0.29 -0.06 w/t 0.33

a) 0.005-in-thick reinforcement b) 0.01-in-thick reinforcement c) 0.02-in-thick reinforcement

Fig. 6 Effects of cutout-reinforcement thickness on the predicted initial-buckling deformations of a geometri-

cally perfect compression-loaded cylindrical shell with a cutout. The reinforcement is a 2.4-in. square rein-

forcement with 0°-ply orientation (the outer boundary of the reinforcement region is marked in the figures).
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w/t 0

-0.8 -

-1.2f,,, I 11 I v I I w y i l I w,,, t

-0.5 -0.25 0 0.25 0.5

Axial position x/L

C1, no reinforcement
C2, 0.005-in-thick reinforcement
C3, 0.01-in-thick reinforcement
C4, 0.02-in-thick reinforcement

0"8 I
0.4

w/t 0

-0.4

C4

C2

C1

-0.8 I
-1.2 ,,, t l , , , , I , , , , i , , , i

-180 -90 0 90 '180

Circumferential position, 0

Fig. 7 Effects of cutout-reinforcement thickness on the radial-displacement response of a geometrically perfect

compression-loaded cylindrical shell with a cutout. The reinforcement is a 2.4-in. square-shaped reinforce-

ment with 0°-ply orientation. The location of the axial and circumferential traces are indicated in Fig 6a

-0.58 w/t 0.35

a) O.O05-in-thick reinforcement

lu-

I

-0.54 w/t 0.38

b) 0.01-in-thick reinforcement

=,-'iiiiiiiiiiiiiiii[ii_iiiii_iiii[iii![i![iiii[!iii!i[iiiiiiii

i ii_,,:,_i.',iiiilii_ _s. !i_,'-"! ii::iiiiii::iii::iii!!f_," _ _ : :::

-0.46 w/t 0.42

c) 0.02-in-thick reinforcement

Fig. 8 Effects of cutout-reinforcement thickness on the predicted initial-buckling deformations of a geometri-

cally perfect compression-loaded cylindrical shell with a cutout. The reinforcement is a 2.4-in. square-shaped
reinforcement with 90°-ply orientation (The outer boundary of the reinforcement region is marked in the
figures).
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C1, no reinforcement
C5, 0.005-in-thick reinforcement
C6, 0.01-in-thick reinforcement
C7, 0.02-in-thick reinforcement

0.8 0.8

0.4 O.4

C1\

w/t 0 %_:;>,.. w/t 0
_: C6

-0.4 -0.4

-0.8

-1.2t,,, ' li, i ,I = i i ill,,, I

-0.5 -0.25 0 0.25 0.5

Axial position x/L

! C7

: c6 \ cs
- ... "_':.::"_

-0.8

-1.2f .... I ' ' i i I i i i i I , i i i I

-180 -90 0 90 180

Circumferential position, 0

Fig. 9 Effects of cutout-reinforcement thickness on the radial-displacement response of a geometrically perfect
compression-loaded cylindrical shell with a cutout. The reinforcement is a 2.4-in. square-shaped reinforce-

ment with 90°-ply orientation. The location of the axial and circumferential traces are indicated in Fig 6a.

_

Ouassacresponsel.... Unstable transient response

O Buckling point
X Global collapse

0.75

Axial

load, 0.5

P/Pcr

0.25

00

- C10_...

C9 . i

ii i

C8, 0.005-in-thick reinforcement
_" C9, O.01-in-thick reinforcement

C10, O.02-in-thick reinforcement

odl od 2 '''_. 0 . 0 0.003

End-shortening _L

a) O°-ply orientation

Reinforcement _Ia

,e ion
<____j

Axial _ /_ ! i

,oad, 0.5 C1_ i i

,,,cr / i i
0.25 / cllC1'no reinforcemen/rtinforcement_n-thick

/ ___nI°;c:m:nt t

Oo o'i 6d2 ,.00 . 0 0.0O3

End-shortening _L

b) 90°-ply orientation

Fig. 10 Effects of cutout-reinforcement thickness and reinforcement fiber orientation on the predicted load-

shortening response of a geometrically perfect compression-loaded cylindrical shell with a cutout. (4.4-in
square-shaped reinforcement) /-
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a) Shell C8, O.O05-in-thick reinforcement
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-0.25 w/t 0.46

b) Shell C9, 0.01-in-thick reinforcement

-0.40 w/t 0.57

c) Shell C1 O, O.02-in-thick reinforcement

Fig. 11 Effects of cutout-reinforcement thickness on the predicted initial-buckling deformations of a geometri-

cally perfect compression-loaded cylindrical shell with a cutout. The reinforcement is a 4.4-in. square-shaped
reinforcement with 0°-ply orientation (the outer boundary of reinforcement region is marked in the figures).

w/t 0

Axial position x/L

C1, no reinforcement

C8, O.O05-in-thick reinforcement
C9, O.01-in-thick reinforcement
C10, O.02-in-thick reinforcement

0,8[
C10

• t.:::....

: ..... ........-!'....",," I '"...
,,._....-.....,:. ,_ -,.,.-......,.

w/t 0

\ i % c,-...i
-0.4 "v"

C1
-0.8

-1.2f,, 1 I I i l I I I t I I I I i I I i i

-180 -90 0 90 180

Circumferential position, 0

Fig. 12 Effects of cutout-reinforcement thickness on the radial-displacement response of a geometrically per-

fect compression-loaded cylindrical shell with a cutout. The reinforcement consists of a 4.4-in. square-shaped

reinforcement with 0°-ply orientation. The location of the axial and circumferential traces are indicated in Fig
6a.
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-0,45 w/t 0.53 -0,37 w/t 0.45

a) Shell C11,0.005-in-thick reinforcement b) Shell C12, 0.01-in-thick reinforcement c) Shell C13,0.02-in-thick reinforcement

Fig. 13 Effects of cutout-reinforcement thickness on the predicted initial-buckling deformations of a geometri-

cally perfect compression-loaded cylindrical shell with a cutout. The reinforcement is a 4.4-in. square-shaped

reinforcement with 90°-ply orientation (the outer boundary of reinforcement region is marked in the figures).

w/t 0

-0.8 t
-1.2

-0.5'

C1, no reinforcement
Cll, O.O05-in-thick reinforcement
C12, O.01-in-thick reinforcement
C13, O.02-in-thick reinforcement

0.8-
_

.:_7.... "i=,, \

C 13 /''__z

r,.?,>-... C11
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\-/_ C12
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w/t 0
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, , , I , , , _ I I , I 0 1 = I I , I -1.2 , = I _ I , , , I I , , , , I I , I , I-0.25 0 .25 0.5 -180 -90 0 90 180

Axial position x/L Circumferential position, 0

Fig. 14 Effects of cutout-reinforcement thickness on the characteristic radial-displacement response of a geo-
metrically perfect compression-loaded cylindrical shell with a cutout. The reinforcement consists of a 4.4-in.

square-shaped reinforcement with 90°-ply orientation. The location of the axial and circumferential traces are
indicated in Fig 6a.
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End-shortening _L

b) 90°-ply orientation

Fig. 15 Effects of cutout-reinforcement thickness and reinforcement fiber orientation on the predicted load-

shortening response of a geometrically perfect compression-loaded cylindrical shell with a cutout. (8.0-in
square-shaped reinforcement)

Z',',,",IIIII',',IIllll:lll',:I:II III:I I h':l:l I II II'II :[M:I:I :IJ I:II:M: II :]:I', ;I iiiI;Iill] :11111', II III II II',IIIlll',ll',_,",,,,_-

-0.54 wit 0.41

_i_iiiiiiii_ii_i_!!iiiiii_iiiiiii!!iiiii_iiii_i_iiiiiiiii_iii_iii_[ii_iiiiiiiiiiiiiiiii_
_i_!'--_ 'J-I;_'_L'-'-_:_!_;_z:::_:=-_:_;_:_:_,_,_ __!!_,. ,,

_'._'.',f',',_,'l_,I",'I'._;_'_'_,._.I_',_::'_._'_._'_._:I:',I,:I::.,:,':III:'.:_'p_'._I'.I',:I".I"?.._.:,_',I',IIIIIIII*,_','p,

iiiiiii!!!_i

iiiiiii i iiiiiii i i i!i!ii iii@ ii}i,iiilHN!=

=!!!iiiii!iiiiiiiiiiiiiiii!!!!!i_`iiii@iiiiii!!i!i!!`_!iiiiiiii!!!ii!iiiii_!!!!!!!!i[iiiiiiiiiiiii!!!iiiiiiiiiiii

-0.98 w/t 0.62

F=_ii_i_11!1111111_i_1:111111[!_i_i_!_ii_i_
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a) Shell C14, O.O05-in-thick reinforcement b) Shell C15, O.Ol-in-thick reinforcement c) Shell C16, O.02-in-thick reinforcement

Fig. 16 Effects of cutout-reinforcement thickness on the predicted initial-buckling deformations of a geometri-

cally perfect compression-loaded cylindrical shell with a cutout. The reinforcement is a 8.0-in. square-shaped
reinforcement with 0°-ply orientation (the outer boundary of reinforcement region is marked in the figures).
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Fig. 17 Effects of cutout-reinforcement thickness on the radial-displacement response of a geometrically per-

fect compression-loaded cylindrical shell with a cutout, The reinforcement consists of a 8.0-in. square-shaped

reinforcement with 0°-ply orientation, The location of the axial and circumferential traces are indicated in Fig
6a.
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-0.37 w/t 0.36

a) Shell C17, O.O05-in-thick reinforcement b) Shell C18, O.Ol-in-thick reinforcement c) Shell C19, O.02-in-thick reinforcement

Fig. 18 Effects of cutout-reinforcement thickness on the predicted initial-buckling deformations of a geometri-

cally perfect compression-loaded cylindrical shell with a cutout. The reinforcement is a 8.0-in. square-shaped
reinforcement with 90°-ply orientation (the outer boundary of reinforcement region is marked in the figures).
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C1, no reinforcement
C5, 0.005-in-thick reinforcement
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C6, 0.01-in-thick reinforcement
C7, 0.02-in-thick reinforcement

0.8

0.4

w/t 0

-0.4

-1.2
-180

f_

/
_._.... _, .

\_ �It
/ *

,,/._-- C18

l ""---C17
I I I I I i l i i I i i i i I i i i i I

-90 0 90 180

Axial position x/L Circumferential position, e

Fig. 19 Effects of cutout-reinforcement thickness on the radial-displacement response of a geometrically per-

fect compression-loaded cylindrical shell with a cutout. The reinforcement consists of a 8.0-in. square-shaped
reinforcement with 90°-ply orientation. The location of the axial and circumferential traces are indicated in
Fig 6a.
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